Abstract: Blood is a vital source for delivering oxygen and nutrients to trillions of cells in the body; this makes the function of the cardiovascular system essential to our existence. In the last few years, research interests were directed to exploring its behaviour under different types of stresses, i.e. mental and physical. In this study, we propose a closed-loop model built around the cardiovascular system, and analyse it under physical-stress conditions. In this study, the three signals of interest are: blood pressure, heart rate, and respiration; our proposed model is based on the original Luczak model introduced back in 1975. Three neuro-fuzzy models were elicited and included in the overall control system for generating the blood pressure, heart rate and respiration signals. The estimated signals, generated during simulation, showed good fits when compared with the actual measurements. Copyright © 2002 IFAC 
INTRODUCTION
The cardiovascular system is one of the most important systems in the human body. It is responsible for control of blood pressure (BP) and heart rate (HR) through constant regulations to supply the body cells with their needs of oxygen and nutrients. Hence, it is expected that under external perturbations, such as stress or exercise, the function of the cardiovascular system will differ based on new cellular metabolic requirements. In the absence of external perturbations, it might be expected that BP and HR will remain constant, but conversely, there are continuous regulations for BP and HR to meet even the smallest internal perturbations. The most two important signals, which are controlled by the cardiovascular system, are: the BP and HR. The blood pressure changes in response to the contraction and relaxation of the heart muscle. On the other hand, heart rate is controlled by the autonomic nervous system through two branches of effectors: sympathetic and parasympathetic (vagus) . Stimulation of the sympathetic branch increases HR and strength of cardiac muscle, which results in increase of BP, while stimulation of the parasympathetic branch decreases HR and strength of cardiac muscle, which results in decrease of BP. The dependency of BP on HR is not the only interaction in the cardiovascular system. It was found that the respiration introduces some disturbances to the blood pressure (Luczak and Raschke, 1975; Luczak et al., 1980) . Luczak and Raschke (1975) proposed a closed-loop model to represent the cardiovascular system, and carried out a number of simulations which demonstrated good fits between the estimated HR and BP and the actual ones. Modifications in the model followed in 1980 (Luczak et al., 1980) aimed at matching certain physiological dynamics which exist in the actual HR and BP signals. Figure 1 shows a block diagram of the model which explains the physiological interactions in the cardiovascular system. Moreover, deBoer et al. (1987) introduced a closedloop model that describes the interaction between the HR and BP control systems on a beat-to-beat basis. In this model, the intervals between heartbeats along both the systolic and diastolic pressures signals were estimated. Whittam et al. (2000) introduced a modification to this model in order to improve its performance by extending its ability to match the actual HR and BP signals. In this study, we selected Luczak's first model ( Luczak and Raschke, 1975 ) to be the basis upon which our model, that relates HR, BP, and Respiration, will be built. This model was chosen because of its detailed structure and its ability to include physical and mental stresses. The proposed model focuses on replacing the blocks responsible for generating the HR, BP and Respiration signals with neuro-fuzzy models, to match different subjects' actual measurements and to improve the overall model's interpretability and its ability of generalisation; we labelled the model grey-box because it includes a mixture of white-box models and black-box models. This paper is organised as follows: Section 2 will discuss the basics of neuro-fuzzy modelling. Section 3 will describe the experimental set-up and the various methods of experiments adopted. Section 4 will introduce the modification applied to the Luczak model and how the neuro-fuzzy models were hence included. Section 5 will present and discuss the simulation results. Finally, in Section 6 conclusions relating to this overall study will be drawn.
FUZZY MODELLING
Fuzzy modelling is used as a non-linear method for mapping a certain number of inputs to a certain number of outputs. The two most popular types of fuzzy rules processing are the Mamdani-type and the Sugeno-type. The general form for the two types of rules is given below: (Luczak et al., 1980) . where: (x 1 , x 2 , … ,x m ) are the inputs to the system. It can be seen that, in the Mamdani-type of fuzzy rules processing, both the antecedent (IF) and the consequent (THEN) parts are fuzzy, while in the Sugeno-type of fuzzy rules processing, the consequent part is not fuzzy but a static function, which can either be linear or non-linear.
Mamdani
In our work, we chose the Sugeno-type, because it is able to combine transparency of the rules and the accuracy of the predictions concomitantly. The architecture used here is that belonging to Adaptive Networks-based Fuzzy Inference Systems (ANFIS) (Jang, 1992) . It is used for tuning the rules of the fuzzy models automatically. Figure 2 shows the ANFIS structure, which corresponds to a Sugeno-type fuzzy model with two inputs and one output.
As seen in the Figure, this 
SYSTEM CONFIGURATION

Experimental Set-Up
The experimental rig used in this study includes:
• A Cateye Ergociser Exercise bicycle.
• An Ohmeda Finapress heart rate and blood pressure monitor.
• A ProComp+ advanced technology system for measurement and data acquisition.
• Two IBM compatible personal computers; one is used to control the workload on the bicycle and acquire signals from both the Finapress and the bicycle, while the other is used for acquiring signals from the ProComp+ system. A schematic diagram of the experimental set-up is shown in Figure 3 .
Method
In this study, we chose to represent the physical workload by a sinusoidal wave having the following form.
These values were chosen to reflect a minimum of 0.5 N.m, and a maximum of 4 N.m workloads as part of the physical constraints of the bicycle. The frequency of 0.11 Hz was chosen to be slightly different from the spontaneous oscillation frequency of the blood pressure control system, which is approximately 0.1 Hz.
The experiment was divided in two parts: First, the volunteer is asked to rest for 5 minutes while we acquire his HR, BP, and respiration values. The volunteer was then asked to start pedalling with a constant speed of 60-70 rpm, which ensures that the effect of the workload was indeed being induced. The experiment lasted for 5 minutes, which is the longest period for which it is reckoned that the human body can maintain its full efficiency under physical stress. The sampling frequency was chosen to be 1 Hz and our data set included 8 volunteers with a mean age of 34 years. 
MODEL DEVELOPMENT
The main modifications, which were introduced in Luczak's original model, may be summarised as follows:
1. The calculation of the HR signal was previously carried out by the multiplication of the output from the "Stimulation of Respiration" block, which represents the effect of workload on the HR signal, and the output from the presso-receptors, which detect any variations in the blood pressure. The modification is related to the use of the ANFIS model to calculate the same HR using the previously mentioned inputs, as shown in Figure 4 .
2. The calculation of BP was carried out by multiplying the total peripheral resistance (R t ) and the blood volume per minute, which is the blood flow (Q). In this case, the modification lies in the use of the ANFIS model to calculate the BP from the two previously mentioned inputs as shown in Figure 5 .
3. The calculation of the Respiration was carried out by generating a signal with a frequency of 0.3 Hz, and by adding the effect of physical stress through the "Stimulation of Respiration" block. The modification lies in the use of the ANFIS model to calculate the Respiration through physical stress, as shown in Figure 6 .
The process of building the ANFIS models was carried out as follows: The data records, during rest and under workload conditions were divied into two groups, training and testing, with a ratio of 2:1. The training set was constructed such that 2 samples are taken and one is discarded, which will be used for the testing set, until the end of the data record, which consists of 300 samples. Subtractive clustering, (Chiu, 1994) , was selecting as a pre-processing operation. The ANFIS model includes time as an extra input to characterise the dynamic nature of the models and to improve the predictions. Table 1 shows the inputs used in each of the three ANFIS models. Figure 7 shows the simulation results under stress. Table 2 shows the mean square errors (MSE's) between the actual and estimated signals. well with small MSE's, except for BP (see middle graph). The MSE relating to the estimated BP signal is relatively large because of its high fluctuations, which makes it difficult for the ANFIS model to capture all the dynamics in the signal.
The stability as well as the accuracy of the ANFIS models are very important issues that can affect the simulation results. By inspecting the 3D surface of one ANFIS model (Respiration model), as shown in Figure 8 , some regions revealed the existence of values of the output which were outside the actual range.
Hence, a fine-tuning process was performed in which the disrupting rules were removed, (Castellano and Fanelli, 1997) . A rule removal includes the removal of corresponding MFs from the input space. Table 3 shows the result of the fine-tuning operation the ANFIS models in terms of the MSE's and the number of rules. From the previous Table, it can be seen that a large reduction in the number of rules for the ANFIS-based Respiration model, from 21 to 7, with a slight decrease in the MSE against the training set have been achieved. Also, another reduction in the number of rules for the ANFIS-based BP model, with a slight improvement in the MSE have also been achieved. However, the ANFIS-based HR model showed no further improvement. A tuned 3D surface for the ANFIS-based Respiration model is shown in Figure 9 . Figure 9 shows the disappearance of the negative values in the BP with a slight change in the surface of the ANFIS model. Any further fine-tuning will result in a significant deterioration in the performance of the ANFIS model with an increase in the MSE between the actual and estimated signals.
Another simulation with the three tuned ANFIS models is shown in Figure 10 . Table 4 and comparing them with those of Table 2 , it can be seen that there is a reduction in the MSE value for the BP signal, (see Table 3 ) and a reduction in the MSE of the training set. Also, There is a slight reduction in the MSE for the Respiration, in spite of the increase in the MSE of the training set. Although fine-tuning did not introduce much reduction in the MSE values of the estimated signals, these values are within acceptable ranges. Also, fine-tuning improved the stability of the three ANFIS-based models which is essential for our proposed closed-loop model. Figure 11 displays the overall grey-box closed-loop model with respect to physical workload.
CONCLUSION
In this study we proposed a closed-loop model relating to the cardiovascular system of humans who were subjected to physical stress. The model was of a grey-box nature as it included white-box and blackbox models, such a hybrid representation, we think, is justified as interpretability and accuracy need to be targeted at specific components within such a complex structure which is the human body. Consequently, we succeeded in establishing an experimental set-up capable of generating the necessary data for mining and eliciting the models to provide good estimates. More research is underway to complete the whole modelling structure by including mental stress and finally comparing the whole hybrid structure to the original Luczak model (1980). 
